

















The wells were drilled perpendicular to the edge of the field. The screens are 3.5 m
b.g.s. The depth of well H1 deviates up to 0.09 m from the intended position of 3.5 m
b.g.s., whereas well H2 deviated 0.34 m. According to the drilling company, part of H2
follows a “pavement”, probably a clay till rich in stones and boulders.

Installation of piezometers

All wells at Silstrup were drilled as cased wells with a 6" (152 mm) solid stem auger. In
some sandy intervals below the groundwater head, however, a bailer was used to clean
the borehole before installation of the screen.

As a preliminary survey, one borehole was drilled in February 1999 (DGU no. 30.1120)
near to well P3 in the southeastern corner of the field. Rafts of glacially dislocated Ter-
tiary clay were found in this borehole and it was therefore decided to abandon it and
look for a better location.

In May 1999, however, it was decided to go ahead with the site, and three wells P1, P2
and P4 each containing three piezometers were drilled in order to start monitoring the
groundwater head. In august 1999 a third well, P3, containing three piezometers was
drilled. The depth of the piezometers at Silstrup is summarized in Table A3.2.

Table A3.2. Depth of the piezometer screens.

Well DGU no. Upper Middle Lower
no. screen screen screen
mb.g.s. mb.g.s. mb.g.s.
P1 30. 1123 2.0-2.5 3.5-4.0 11.5-12.0
P2 30. 1122 3.0-3.5 5.5-6.0 11.5-12.0
P3 30. 1191 3.0-3.5 6.1-6.6 11.2-12.2
P4 30. 1124 2.75-3.25 4.5-5.0 11.5-12.0

Monitoring wells

A total of 13 monitoring well clusters (M1-M13) each consisting of four individual
wells were installed at Silstrup from August 8 1999 to September 9 1999. The technical
specifications are described in Section 3.1.2.
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The monitoring well screens of all 13 clusters are located at the following depths:

Mx.1: 1.5-2.5 m b.g.s.
Mx.2:2.5-3.5 mb.g.s.
Mx.3:3.54.5mb.g.s.
Mx.4: 4.5-5.5 mb.g.s.

Monitoring well clusters M1 to M8 were installed first. Thereafter it was decided to
relocate the area 45 meters to the west, as described above. Monitoring well clusters M9
to M13 were thereafter installed to cover the new area. The new area also encompasses
well clusters M4 and M8. This was considered acceptable provided that the two well
clusters were not used for monitoring.

Drainage system

The experimental station was systematically drained by DIAS in the 1960s. To facilitate
experimental work, the drainage system for each field is separate. The drains were laid
manually in open machine-excavated trenches. The design of the drainage system is
illustrated in Figure A3.4.

The design of the drainage system in the test field is simple, consisting of five parallel
field drains running from south to the north end, where they connect to a transverse
collector drain. In the northeast corner of the field the collector drain is connected to a

main drain, which runs northwards alongside the major public road.

The drainpipes are clayware, with an inner diameter of 6.5 cm for laterals and 8 cm and
10 cm for the mains. The lateral drains are enveloped by seashells (mussel shells) to
improve permeability.

The initial plan was to place the measuring chamber at the northeastern corner and to
establish relatively simple and short pipe connections to the existing drainage system.
Due to relocation of the site, however, this had to be changed.

New collector pipes and measuring chamber

The two easternmost pipes were severed and replaced by two similar drains from the
neighbouring field to the west. The measuring chamber was placed in the northeastern
corner of the revised field boundary. As the two new drains had their outflow towards
the west, a new pipe had to be installed to lead the water from the northwestern corner
to the measuring chamber in the northeastern corner. This was done with 90 metres of @
90 mm PE pipe along the northern boundary of the experimental field. The slope of the
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pipe is only 2%o. The collector pipe carrying the water from the three other drainpipes
was connected close to the chamber by a few meters of @ 110 mm PE pipe (outer di-
ameter) with plenty of slope. These pipes are watertight, welded in situ.

The measuring chamber is made from @ 125 cm concrete rings and has a 30° v-notch
weir. To collect the water from the two new drains to the west, the chamber had to be
placed 75 cm deeper than the original drainpipe and with limited slope in the outlet.

Dimension of the outlet

The main 10 cm drainpipe along the public road has a rather steep slope of 13—16%o. To
obtain slope from the chamber, the outlet was established 60 m downstream. The pipe
used is a @ 160 mm smooth PVC pipe with rubber fittings. The PVC pipe was con-
nected to the existing 10 cm clay pipe by a PVC T-junction. The slope of the new pipe is
only 2%o, but giving an elevation of 5-10 cm near the chamber.

The drained area of the experimental field is 1.69 ha. The capacity of the new 160 mm
pipe is approx. 10 1 sec” ha™!, which should be ample. If there are limitations, these
should be found further downstream in the 10 cm tile drain, which has a water-carrying
capacity of approx. 6 1 sec’! ha™ and a catchment area of 3 ha.

On several occasions during the season 1999/2000, however, the water level in the
measuring chamber rose above the notch by more than a 1 m.

New information on the upstream catchment area revealed that two fields south of the
experimental field were connected to the main pipe such that the catchment area is actu-
ally almost three times the expected area. This connection was not shown on the original
map of the drainage system, and probably explains the inadequate capacity of the old
main. Additional information was compiled on the conditions downstream. It revealed
that new pipes had been installed on the neighbouring field and under the road, probably
in 1994 in connection with regulation of the main road. Approx. 200 m north of the
measuring chamber there is a new main drain with a much higher capacity.

In September 2000 the outlet from the measuring chamber was disconnected from the
old 10 cm main and extended 160 m to the north. The new pipe is a @ 160/140 mm cor-
rugated pipe without perforations. The lower end was connected to an inspection cham-
ber from where the drain continues as a 160/145 mm corrugated drainpipe installed
around 1994. The new stretch has an average slope of 16%o. The outlet from the meas-
uring chamber runs eastwards perpendicular to the road for the first 36 m and thereafter
182 m northward parallel to the road a few meters west of the old main drain. The first
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60 m consist of watertight smooth PVC pipes tightened with rubber rings, while the rest
is watertight corrugated PE pipe in 25 m lengths, assembled with non-tight connections.

The initial work was carried out in August 1999 and the main work in September 1999,
while the outlet was extended in September 2000.

A3.3 Geology

Regional geology

The area around Silstrup displays a number of spectacular geological features. The most
prominent — a salt dome called the Thisted Structure — considerably influences the local
geology. Vertical movement of 3 to 4 km within the dome has brought Tertiary and
Cretaceous chalk to the surface just north of Silstrup. The salt in the dome is still rising,
the uplift in the area being estimated at 2.5 mm/yr (Hansen and Hékansson, 1980). A
number of terminal moraines formed by the Great Belt—North Jutland re-advance during
the Late Weichselian (Houmark-Nielsen, 1987), and which can be traced from the city
of Randers to Thy, comprise another important regional geological element. Around
Silstrup these terminal moraines often consist of glaciotectonic thrust fault complexes
where Tertiary sediments such as the Paleocene-Eocene diatomite and Oligocene mica
clay and glacial sediments such as clay till and glaciofluvial clastics are important ele-
ments in the thrust sheets (Gry, 1940; Klint and Pedersen, 1995). Just east of the test
field in the coastal cliff Silstrup Hoved there is a thrust sheet complex in a coastal cliff
section consisting of Paleocene diatomite and Oligocene mica clay. The test field is lo-
cated on a ridge complex overlain by a till cover.

According to Gry (1940), the fold axis orientation at Silstrup Hoved is 166° caused by
deformation from the east. The same direction can be observed in the long axis of the
elongated hills in the area around Silstrup, probably reflecting the same deformation
phase. The presence of other fold axis orientations (personal communication: Stig
Schack Pedersen, GEUS) proves that there have been several deformation phases in the
area. On the basis of the varied fold axis orientation patterns in the coastal cliffs around
Thisted Bredning, Gry (1940) interpreted the present day depression (Thisted Bredning)
as the product of a glacial lobe formed during the Late Weichselian. The variety of fold
axis orientations in the area could also be attributable to a number of ice advances of
different ages leaving different orientations as a consequence of a series of glaciotec-
tonic events.
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Geomorphology

The test site is situated between 36 and 45 m a.s.l. close to the top of an elongated hill.
The surface slopes approx. 2.2% towards NNE (see Figure A3.5). 200 m east of the site
the surface drops abruptly from 30 m a.s.l. to sea level.

Figure A3.6 shows the field superimposed on the map of Quaternary sediments in Den-
mark (Hermansen and Jacobsen, 1998), the Soil Classification map and a 1999 aerial
orthophotograph of the field. As is apparent, the field is located on a loamy soil (JB7).
This is in good agreement with the fact that the map of the Quaternary sediments of
Denmark places the field in an area of ML, which is a clay till. Based on the orthopho-
tograph, the field appears to be homogenous.

Geology of the monitoring wells and piezometer wells.

The wells drilled at Silstrup revealed a homogenous cover of clay till rich in chalk and
chert of Cretaceous and Early Tertiary origin. Cross sections containing the wells drilled
at the site are found in Figure A3.7 and A3.8. According to grain size analysis (Table
A3.4 and Figure A3.11) the clay till consists of clay (20-35%), silt (20-40%) and sand
(20—40%). Gravel constitutes approx. 5%, but occasionally up to 20%. The CaCO;
content ranges from 20 to 45% by weight in the clay till. At some intervals the till has
been described as a sandy till (MS), i.e. contains less than 12—14% clay.

Thin layers and lenses of glaciofluvial sand (DS) are found in some wells, often de-
scribed as alternating thin beds of sand occasionally with silt and clay stringers (VS).
None of these layers can be correlated.

In M3, M12 and P3, Oligocene clay and silt were encountered, presumably “Cilleborg
Clay” (Gry, 1940; personal communication: Peter Roll Jakobsen, GEUS). In M12, Oli-
gocene clay was encountered at 2.5 m b.g.s. — the most shallow occurrence at the site. In
all wells where Oligocene sediments were penetrated, clay till was found underneath. As
a consequence, all Oligocene sediments in the test field are glacially dislocated. In sev-
eral wells in the region, glaciotectonites with Oligocene clays and silt were found
(Pedersen, 1989).

Three levels of oxidation can be observed in the upper 12 m of the till. In most wells an
upper zone with yellowish brown and brownish yellow coloration is found from below
the topsoil to a depth varying from 2.5 to 5 m b.g.s. Below this a suboxic zone with
greyish brown till is found to a depth of 4 to 6 m b.g.s. This zone is typically 0.2 to 0.5
m thick. Below this zone there is a reduced zone of olive grey and grey-coloured till.
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C

Figure A3.6. Location of the test field (red square) superimposed on: A) The soil type
map. JB 5/6: Sandy loam soil, JB 7: Loamy soil. B) Map of Quaternary sediments in
Denmark, ML: Clay till. C) An aerial orthophotograph (Kampsax Geoplan, DDO1999).
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Figure A3.7. N-S cross sections based on wells at the site. The location of the wells is

shown in Figure A3.4.
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Geology of the test pit and drainage ditch excavations

A test pit was excavated to 5.0 m b.g.s. using a backhoe in the buffer zone of the north-
eastern corner of the test field (Figure A3.5) for field vane tests, fracture descriptions
and characterization, fabric analysis, and lithological description. Samples were taken
for grain size analysis, CaCOj content, clay mineral analysis, and exotic stone counts.

Lithological description

The depths in the following descriptions (Table A3.3) are average depths from the test
pit, and correspond to the log in Figures A3.9-A3.11. The description follows Larsen et
al,(1995).

Table A3.3. Lithological descriptions from the test pit at Silstrup.

Depth Description Sample

mb.g.s. number
0.0-0.5 Topsoil, dark brown to black, numerous biopores and desiccation fractures. DIAS
0.5-1.0 Clay till, strong mix of sand and gravel, yellowish brown, noncalcareous. DIAS
1.0-1.3 Clay till, mix of silt, sand strong mix of gravel, some pebbles and boulders, DIAS

yellowish brown with pale olive spots. Calcareous in some parts of the profile
from 1.0 m b.g.s. Heavily fractured.
1.3-1.5 Clay till, weak mix of silt and sand, mix of gravel clay veins, strong brown. 8803
Thickness varies from 40 to 25 cm. At 1.3 m b.g.s. a small fold axis in a folded
sand vein was measured to 42/8 indicating a deformation from southeast.

1.5-3.5 Clay till, mix of silt, weak mix of sand, strong mix of gravel, lots of chert and 8804 +
chalk fragments in the gravel fraction, fractures with Fe and Mn oxides. Light 8805 +
yellowish brown. Calcareous. A number of fractures were encountered in the 8806
suboxic zone, which were olive coloured (5Y 4/3).

3.5-5.0 Clay till, mix of silt, weak mix of sand, strong mix of gravel and pebbles, olive 8807 +
grey, rich in chert and chalk. Very few fractures with Fe oxides reach 4.0 m 8808 +
b.g.s. Calcareous. 8840 +
At 4.25 m b.g.s. striation was measured on a rock to 02/18 indicating a defor- 8841

mation from the north.

Fracture description

In order to develop a conceptual model of the fracture systems and macropores at the
test field, fracture system parameters were measured in the test pit excavation: orienta-
tion at various depths, positions and frequencies. On the basis of these measurements, a
number of fracture parameters were calculated. In Figure A3.9 and A3.10, the data are
plotted and the fracture systems described according to Klint and Gravesen (1999). Be-
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Figure A3.9. Lithology, fracture orientation, clast fabric data and interpreted ice move-
ment direction.

sides the fracture analysis, fabric in the till and fold axis in folded sand veins were

measured in order to describe the stratigraphic relations in the test pit excavation.

Fracture trace frequency was measured in two profiles in the test pit excavation, a north-
facing wall and an east-facing wall. In general the fracture systems at Silstrup are domi-
nated by postdepositional fractures attributable to desiccation and cryogenic processes.

From the surface and to 0.7-0.8 m b.g.s. in the test pit excavation, desiccation fractures
and biopores dominate to such a degree as to preclude proper estimation of the fracture
trace frequency. This unit can be described as heavily fractured and bioturbated. At 0.6

m b.g.s. there were an estimated 400 biopores/m”.
From 0.7 to 1.8 m b.g.s. the till is intensely fractured by a horizontal/subhorizontal

fracture system, possibly connected to freeze-thaw processes in a periglacial environ-

ment, or to horizontal shear from a glacier.
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Figure A3.10. Lithology, fracture trace frequency and shear strength in the test pit.

From 1.8 to 3.1 m b.g.s. the fracture trace frequency diagram reveals a system of small
vertical or near vertical fractures that peaked at 8-20 fractures/m approx. 2 m b.g.s.,
thereafter decreasing in number with increasing depth. They disappear at 3.2 m b.g.s. in
the north-facing profile and at 4.4 m b.g.s. in the east-facing profile.

From 3.1 to 4.5 m b.g.s. few vertical fractures exist and the horizontal/subhorizontal
fractures dominate. Only one major fracture crossed the suboxic zone at 3.5 m b.g.s. in
the test pit.

In the upper 1 m, traces of agricultural processes, bioturbation and desiccation cracks
dominate to such a degree as to obscure all fracture systems. It is noteworthy that the

number of macropores is high, however.

As is apparent from Figure A3.9, one fracture system can definitely be recognized at
Silstrup, i.e. the horizontal and subhorizontal fractures. The remainder of the fractures
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Figure A 3.11. Lithology, grain size distribution and CaCOj and total organic carbon
(TOC) content in the test pit. Grain size fractions larger than 2.0 mm are not included in
the grain size analysis.

found in the test pit represent a variety of orientations and the data set is too small to

determine whether a second or third fracture system is present.

Fracture geochemistry

Five depth-dependent types of coating could be observed on the fracture surfaces in the
test pit.

L. 0.3-1.0 m b.g.s. In the upper part of the clay till the fractures and biopores are
either coated with clay skin or topsoil. Root traces are found in many fractures.
The matrix is oxidized.

1L 1.0-2.0 m b.g.s. The fractures and biopores are surrounded by a grey halo, re-
flecting oxygen depletion and reduced conditions in the close vicinity of the
fractures caused by decomposition of organic matter. The matrix is oxidized.

I 2.0-3.3 m b.g.s. The fractures are coated with Fe oxides and some manganese
oxides. The matrix is oxidized.
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IV.  3.3-3.5 mb.g.s. In this narrow interval an olive-coloured coating was observed
that is considered as being indicative of a fluctuating groundwater head (personal
communication: Vibeke Ernstsen, GEUS). The matrix is suboxic.

V. 3.5-5.0 m b.g.s. In the reduced clay till no coating was observed except for one
fracture that was FeO- and MnO-coated to a depth of almost 4.5 m b.g.s. The

matrix is reduced.

Clast fabric analysis

Clast fabric analyses were performed at four depths 0.7, 1.3, 2.0 and 4.0 m b.g.s. (Figure
A3.9). The analysis at 0.7 m b.g.s. revealed a weak fabric from the northeast. At 1.3 m
b.g.s. this fabric indicates a north-northeasterly direction, whereas the analysis at 2.0 m
b.g.s. revealed a strong fabric indicating iceflow from the north, an observation that is in
good agreement with a striation measured on a boulder at the same level. The lowermost

analysis revealed a weak fabric, and is nonconclusive.

Field vane tests

Field vane tests were performed in the test pit excavation at 25 cm intervals from top to
bottom (Figure A3.10). Down to a depth of 2.5 m b.g.s. the undisturbed shear strength
(Cv) increases from approx. 50 to approx. 290 kN/m?. From 2.5 to 3.0 m b.g.s. the shear
strength varies. From 3.5 to 5.5 m b.g.s. the shear strength ranges from 120 to 175
kN/m?.

Laboratory analyses

Grain size analysis

Grain size analysis has been carried out on 15 samples from the site (Table A3.4). This
describes the clay till as rich in clay, ranging from 28% to 36% clay. One sample from
1.5 m b.g.s. contained 58% clay. The Oligocene sediments are dominated by silt (40—
80%) and clay (20-30%). As they are laminated or bedded, however, individual
horizons will have higher or lower clay:silt ratio than indicated by the grain size
analysis, which will influence the hydraulic properties.
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Table A3.4. Texture analysis of sediment from the test pit and from selected wells.

Grain size in mm

Depthand <0.002 0.002-  0.02- 0.63- 0.125- 0.20-0.5 0.5- Sediment

location 0.020 0.63 0.125 0.200 2.0

mb.g.s.

Test pit

1.5 57.8 7.6 3.8 8.8 6.4 10.6 5.1 Clay till, oxidized

2.0 30.4 26.1 9.4 9.1 7.0 12.4 5.5 Clay till, oxidized

2.5 31.2 26.1 9.1 7.8 6.6 13.3 5.9 Clay till, oxidized

3.0 36.5 21.3 6.2 8.1 7.1 14.4 6.4 Clay till, oxidized

3.5 30.8 27.9 7.3 7.6 6.9 13.6 6.0 Clay till, reduced

4.0 36.8 243 6.4 7.5 6.8 12.6 5.6 Clay till, reduced

4.5 39.2 22.0 4.8 7.7 7.1 13.1 6.0 Clay till, reduced

5.0 32.0 30.8 5.7 7,2 6.3 11.8 6.0 Clay till, reduced

Wells

P3(2.5) 40.2 16.1 6.0 9.6 8.0 14.0 6.2 Clay till

P3(5.5) 18.1 53.0 26.9 1.6 0.1 0.2 0.1 Oligocene silt

P3(8.5) 30.7 51.0 10.5 6.5 0.5 0.6 0.2 Oligocene silt

P3(10.0) 30.5 36.2 6.3 7.1 54 9.6 5.0 Oligocene clay

M7(4.0) 27.2 24.7 6.7 8.2 7.2 18.2 7.8  Sand, medium to coarse,
mix of silt, clay

M13(4.0) 27.8 34.1 6.2 6.8 6.2 12.6 6.2 Clay till

MB8(1.5) 21.1 13.6 4.7 12.3 12.3 25.7 10.2 Sand, mix of clay, lami-
nated

Data from GEUS Sediment Laboratory. Some of the fractions were determined by linear interpolation.

Clay mineral analysis

Clay mineral analysis was carried out in three samples from the test pit. All three sam-
ples showed that the clay fraction (<2 um) in the till at Silstrup is dominated by smec-
tite. Other minerals present are vermiculite, illite, kaolinite and quartz.

Fine gravel analysis

Fine gravel analysis has been carried out on two samples from the test pit excavation
(Figure A3.12). The sample taken from 5.0 m b.g.s. reveals a local dominance of Meso-
zoic and Cenozoic limestone and flint, originating from the Thisted Structure. The sam-
ple from 1.5 m b.g.s. has a similar composition regarding the noncalcareous clasts, but a
lower content of Mesozoic and Cenozoic limestone. This might reflect both the more
shallow depth and subsequent dissolution of carbonates and a change in iceflow direc-
tion. The lower sample reflects an iceflow in close contact with the Thisted Structure
while the upper sample indicates iceflow, possibly in a southwesterly direction.
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Figure A3.12. Fine gravel analysis from two levels in the test pit. n is the number of
grains counted.

The difference in the composition of noncalcareous clasts points towards two till units

in the test pit excavation, or at least a change in iceflow direction.

Total organic carbon (TOC) and CaCOj content

The TOC and CaCOs; data are shown in Figure A3.11 and Table A3.5. The CaCOs
content of the clay till at Silstrup is high, ranging from 21% weight to 45% weight
(mean value of 38%), reflecting the fact that the site is located in the “shadow” of the
Thisted Structure. In the test pit the mean CaCOj; content is 42% while that of the Oli-
gocene sediments found in the northern part of the field ranges from 21% to 55%.

The total organic carbon data from the test pit reveal a significant change in TOC con-
tent at 3.5 m b.g.s., where TOC doubled from 0.16 to 0.33% reflecting the transition
zone from oxic conditions to reduced conditions. In the Oligocene silt at piezometer P3
located 5.5 m b.g.s. TOC was 2.12%. In the other two Oligocene samples, however,
TOC was less than 1%.
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Table A3.5. Sediment CaCOj; and total organic carbon (TOC) content in the test pit and
selected wells.

Locality Depth TOC CaCO; Sediment
mb.g.s. % %
Test pit 1.5 0.17 16 Clay till, oxidized
Test pit 2.0 0.14 39 Clay till, oxidized
Test pit 2.5 0.15 45 Clay till, oxidized
Test pit 3.0 0.16 42 Clay till, oxidized
Test pit 3.5 0.33 42 Clay till, reduced
Test pit 4.0 0.31 44 Clay till, reduced
Test pit 4.5 0.32 46 Clay till, reduced
Test pit 5.0 0.20 45 Clay till, reduced
P3 2.5 0.19 37 Clay till
P3 5.5 2.1 21 Oligocene silt
P3 8.5 0.73 42 Oligocene clay
P3 10.0 0.29 55 Oligocene clay
M7 4.0 0.24 27 Sand, medium to coarse, mix of silt,
clay
M13 4.0 0.17 21 Clay till
M8 1.5 0.15 20 Sand, mix of clay, laminated

Data from GEUS Sediment Laboratory.

Porosity and permeability

No data are available from Silstrup.

A3.4 Pedology

Pedological field work

The pedological field work at Silstrup was carried out from August 30 to September 2
1999. Two soil profiles were excavated and described (Figure A3.5). These were located
beside each of the two groups of suction cups. In the buffer zone, 21 soil cores were
collected to a depth of 120 cm (Figure A3.5). Inside the field, 36 soil samples were col-
lected from the topsoil (0-25 cm).
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Table A3.6. Description of profile 1 (3093 Silstrup East).

Soil classification, DK Pseudogleytypilessive Soil classification, USDA | Alfic Argiudoll

Parent material Clay till Profile depth 200 cm

UTM 32V MJ Drainage class Moderately well
Easting 478551 drained
Northing 6310172

Landform Glacial ridge complex | Groundwater level 220 cm

Map sheet 1116 INV Vegetation Stubble

Elevation 37 m DNN Maximum rooting 160 cm

Topography Gentle slope Authors Seren Torp

Slope 1-2° Date of description 30.08.99

Profile description

Ap (0-32 cm)

Greyish brown (10YR 3/2 f) clay, containing humus, a few small and medium size stones of mixed
type, some fine roots, 1-10 wormholes and root channels per dm?, very weak thin granular struc-
ture, slight sticky when wet, clear smooth boundary.

Bv (32-80 cm)

Yellowish brown (10YR 5/4 f) sandy heavy clay, humus poor, lots of small and medium size
stones of mixed form and type, a few small soft Fe and Mn oxide and hydroxide nodules of mixed
form, some fine roots, 1-10 wormholes and root channels per dm?, moderately coarse columnar
structure, sticky consistency when wet, mottled thick coatings of clay minerals and humus in root
channels and on aggregate peds, gradual wavy boundary.

Bt(g) (80-135 cm)

Yellowish brown (10YR 5/4 f) heavy clay with some vertical stripes of clear light olive brown
(2.5Y 5/4 1) spots with diffuse boundary, secondary spots of pinkish grey (7.5YR 6/2 f), humus
poor, some small and medium size stones of mixed form and type, a few small soft Fe and Mn
oxide and hydroxide nodules of mixed form, a few fine roots, 1-10 pores per dm?, strong coarse
columnar structure, very sticky consistency when moist, continuous thick coatings of clay minerals
and humus in root channels and on aggregate peds, diffuse wavy boundary.

BC(g) (135-160 cm)

Brown (10YR 5/3 f) clay with some vertical stripes, large conspicuous yellowish brown (10YR 5/8
f) spots with clear boundary, humus poor, some small and medium size stones of mixed form and
type + lumps of chalk, a few small soft Fe oxide and hydroxide nodules of mixed form, a few fine
roots, 1-10 pores per dm?, moderately coarse columnar structure, sticky consistency when wet,
continuous thick coatings of clay minerals and humus in root channels and on aggregate peds,
diffuse wavy boundary.

Cce(g) (160-200 cm)

Very pale brown (10YR 7/3 f) clayey silty sand with lots of vertical stripes of big clear brownish
yellow (10YR 6/6 f) spots with clear boundary, humus poor, lots of small and medium size stones
of mixed form and type + lumps of lime, a few small soft Fe oxide and hydroxide nodules of
mixed form, very calcareous mainly as lumps, moderately medium strong angular structure, sticky
consistency when moist, mottled, moderately thick coatings of clay minerals on aggregate peds.

Remarks

Chimney continues to a depth of 230 cm.
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Table A3.7. Description of profile 2 (3094 Silstrup North).

Soil classification, DK | Pseudogleytypibrunjord | Seil classification, USDA | Typic Hapludoll

Parent material Clay till Profile depth 190 cm

UTM 32 VMIJ Drainage class Moderately well
Easting 478533 drained
Northing 6310193

Landform Glacial ridge complex Groundwater level 220 cm

Map sheet 1116 INV Vegetation Stubble

Elevation 37 m DNN Maximum rooting 95 cm

Topography Gentle slope Authors Seren Torp

Slope 1-2° Date of description 31.08.99

Profile description

Ap (0-30 cm)

Very dark greyish brown (10YR 3/2 f) clay, containing humus, a few small stones of varying
shape and type, some fine roots, 1-10 pores per dm? moderately coarse granular structure, weak
sticky consistency, clear smooth boundary.

Bv (30-60 cm)

Yellowish brown (10YR 5/4 f) clay with lots of vertical medium clear dark greyish brown
(10YR4/2 f) spots with clear boundary, humus poor, a few small stones of varying shape and type,
frequent fine roots, 1-10 pores per dm?, strong coarse angular structure, weak sticky consistency,
moderately thick mottled coatings of clay minerals and humus in root channels and wormholes,
diffuse wavy boundary.

Bv(g) (60-95 cm)

Yellowish brown (10YR 5/3 f) clay with many vertical stripes of large clear yellowish brown
(10YR 5/6 1) spots with clear boundary, humus poor, a few small and medium size stones of
mixed form and type, a few small soft rounded Fe and Mn oxide and hydroxide nodules, frequent
fine roots, 1-10 pores per dm?, strong coarse angular structure, weak sticky consistency, moder-
ately thick spotted coatings of clay minerals and humus in root channels and wormholes, clear
wavy boundary.

Cc (95-132 cm)

Very pale brown (10YR 7/3 f) clay, humus poor, a few small and medium size stones of mixed
form and type + lumps of lime, a few small soft rounded Fe and Mn oxide and hydroxide nodules,
strongly calcareous, mainly as lumps, a few fine roots, strong coarse angular structure, weak sticky
consistency, thin spotted coatings of clay minerals and humus on aggregate peds, clear wavy
boundary.

2Cc texture bands (132-155 cm)

Yellowish brown (10YR 5/4 f) clayey silt with lots of horizontal stripes, medium yellowish brown
(10YR 5/8 f) spots with clear boundary, humus poor, a few small stones of varying shape and type,
strongly calcareous mainly as lumps, moderately coarse angular structure, sticky consistency,
gradual wavy boundary.

Ce(g) (155-190 cm)

Very pale brown (10YR 7/3 f) sandy heavy clay, with lots of rounded within clear yellowish brown
(10YR 5/8 1) spots with diffuse boundary, humus poor, a few small and medium size stones of
mixed form and type + lumps of lime, a few small soft rounded Fe oxide and hydroxide nodules,
calcareous mainly as powder, strong coarse angular structure, sticky consistency in wet condition.

Remarks

The Byv horizon: Vertical wormholes 4-6 mm in cross section containing humus along the edge
and some with fine roots.
The Bv(g) horizon: Thick coherent clay skins around stones.
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Table A3.8. Soil texture analysis from the pedological profiles.

Pro. Hor. Horizon  Depth Soil texture (mm) % CaCO; OM'
no. no. % %
cm <0.002 0.002— 0.02— 0.63— 0.125- 02— 0.5-2
0.02 0.63 0.125 0.2 0.5

1 1 Ap 10-20 183 164 134 163 8.8 16.4 7.1 - 34
1 2 Bv 45-55 30.1 139 109 149 85 14.1 6.9 - 0.5
1 3 Bt(g) 115-125 434 18.6 25 100 84 120 438 - 0.3
1 4 BC(g) 150-160 246 134 11.8 10.6 84 182 12.8 - 0.2
1 5 Ce(g) 190200 114 9.1 113 8.0 5.6 134 38 373 -

2 1 Ap 10-20 266 154 102 149 104 153 64 - 2.8
2 2 Bv 46-56 279 141 127 152 84 152 6.0 - 0.5
2 3 Bv(g) 67-717 259 141 128 146 11.0 150 6.2 - 0.4
2 4 Cc 106-116 17.5 105 103 9.6 7.2 11.0 56 283 -
2

5 Ce(g) 138-148 345 115 53 112 6.8 108 44 154 0.1

1) OM: Organic matter, OM = 1.72 x TOC. Analysed by DIAS.

Table A3.9. Soil chemistry of samples from the pedological profiles.

Pro. Hor. Ny C/N Py le K Na Ca Mg Total H" CEC Base Fe Al

no. no. bases sat. (Ox) (Ox)
% mg/kg cmol/kg % mg/kg

1 1 02 10 506 6.66 023 0.19 17.1 097 185 22 20.7 89 2892 918

1 2 005 6 144 6.67 026 0.17 14.7 1.13 163 3.53 19.8 82 2364 1120

1 3 005 3 197 7.39 029 03 193 1.82 21.7 - 17.6 100 2624 1208

1 4 0.03 4 363 738 024 022 132 092 146 024 148 98 1700 670

1 5 002 - 353 7.75 0.12 0.13 19.6 043 203 - 74 100 750 304

2 1 017 10 396 7.01 026 0.17 17 0.87 183 2.07 204 90 2708 954
2 2 005 6 136 724 026 0.17 16.6 1.02 18 129 193 93 2052 1172
2 3 005 5 164 744 02 0.16 168 0.76 179 - 121 100 1200 908
2 4 003 - 337 7.67 015 0.14 20.1 038 208 - 83 100 740 434
2 5 004 1 419 772 027 016 26 0.68 27.1 - 212 100 1326 640

1) pH determined in CaCl, solution. Analysed by DIAS.

Profile description

The pedological descriptions of the two profiles are summarized in Tables A3.6 and
A3.7. The profile horizons are shown in Figure A3.13 while the laboratory data (grain
size, texture, organic matter, nutrients, and major cations) are summarized in Table A3.8
and A3.9.
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Profil 1 (3093 Silstrup East)
0 100

Profil 2 (3094 Silstrup North)
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150-\_b_’_\
Ce(g) ]
cm

Figure A3.13. Schematic drawings of profiles showing horizon distribution. Rectangu-
lar boxes indicate sampling points for soil texture and soil chemistry. Triangular boxes
indicate sampling points for hydrological analysis. White areas with + symbolise stones.
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In Table A3.10 the profiles are classified according to “A Pedological Soil Classifica-
tion System Based on Danish Soils” (Madsen and Jensen, 1985) and USDA Soil Tax-
onomy (Soil Survey Staff, 1999).

Table A3.10. Classification of the profiles.

Profile no. Danish Soil Classification USDA Soil Taxonomy
1 The soil has a Bt horizon and is therefore | The soil has a high base saturation and a
(3093 East) |a Lessive soil. As it has no further char- | high organic matter content. It is therefore a
acteristics it is a Typilessive. Because Mollisol, and at the sub-order level is a
there is Pseudogley, it is a Pseu- Udoll. Because there is an argillic horizon,
dogleytypilessive. the soil is an Argiudoll. The colour requires
it to be classified at the sub-group level as
an Alfic Argiudoll.
2 Because the soil has more than 8% clay, | Because there is a mollic epipedon and a

(3094 North) | 30% silt and no Bt horizon, it is a Brun- | high base saturation throughout the profile,
jord. At the group level a Typibrunjord. | it is a Mollisol. Having no special diagnostic
Because of the Pseudogley, it is a Pseu- | horizons, the soil is a Udoll, Hapludoll and

dogleytypibrunjord. finally, a Typical Hapludoll.

Soil cores from the buffer zone

There is little variation in soil type in the area. The most common horizon subdivision is
Ap-Bv-Bt(g) and in some places Ap2, BC, C. C horizons mainly occur in the western
part of the soil cores taken from the buffer zone. The location is apparent on Figure
A3.5. The presence of Pseudogley from a depth of approx. 70 cm (40-90 cm) in soil
cores taken from the buffer zone indicates temporary water saturation during moist peri-
ods.

Comparison of the EM 38 map (Figure A3.18A) and the soil cores indicates a uniform
topsoil but a more variable clay content in the underlying soil.

Total carbon mapping

The samples from the topsoil inside the test field were analysed for total organic carbon
(TOC), which varied between 1.9% and 2.4% (dry weight) with a mean of 2.2% =+ 0.1%.
The concentration was lowest in the northern part of the field (Figure A3.14).
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Figure A3.14. Map showing total organic carbon (TOC) content within the test field.
Sampling points are indicated by A.

Pedological development

Pedological investigations have previously been carried out at Silstrup Experimental
Station located 300 m southwest of the test field by Hansen (1976) and in relation to the
Square Grid Profile (Statens Planteavisforseg, 1996) located 500 m to the south.

In both profiles at the test field the plough layer contains 18-25% clay. At a depth of 1
m the clay content is 43% in profile 1 (3093 East). The percentage of clay probably de-
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Figure A3.15. A) Retention curve based on values for the soil-water potential deter-
mined on the small soil core samples (100 cm®). The data are the mean values from both
profiles. B) The unsaturated hydraulic conductivity (Kyssat) @s a function of soilwater
potential in cm H,O and the saturated hydraulic conductivity (K;) determined on the
large soil cores (6,280 cm”).

reases towards the south since Hansen (1976) found 15% clay in the plough layer and
over 24% clay in the underlying soil. At the Square Grid Profile the clay content is 12%
in the topsoil and up to 27% at a depth of 120 cm. This picture is supported by the
EM38 measurements (Figure A3.18A).

From a pedological point of view the change in clay content related to the parent mate-
rial as well as to the different degrees of eluviation. The presence of a Bt horizon re-
vealed by the occurrence of clay skins on peds in the profiles and in many of the soil
cores is evidence of clay migration. Although evidence of clay migration could not be
confirmed in these areas because the soil is cultivated, a high clay content is found just
beneath the plough layer. The soils in these areas contain the weathered and brunified
Bv horizons.

The base saturation of the soil is high due to the presence of chalk in the parent material
and the high biological activity, both of which keep cations in circulation. The high base
saturation can be maintained for a long time and provides the soil with a strong structure
(Madsen, 1983). The C/N relation is low due to the high degree of decomposition.
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The soil in the test field can be characterized as moderately mature with only slight elu-
viation in the NW areas to mature with more pronounced eluviation of both chalk and
clay to some depth in the southern and eastern parts.

Soil hydrology

Soil cores (100 cm® and 6,280 cm®) for the measurement of hydrological properties (soil
water characteristics and hydraulic conductivity) were sampled at three levels corre-
sponding to the A, B and C horizons.

The soil water characteristics of the nine small cores (100 cm’) from each horizon are
shown together with bulk density and porosity in Table A3.11 and Figure A3.15.

Table A3.11. Soil water characteristics determined on the small soil cores pF = log;(-h).

Profile  Hori- Depth Water content at pF values Bulk  Porosity'
no. zon cm cm’/em’ density  cm’/em’
g/em’

1.0 1.2 1.7 20 22 3.0 42

1(3093) Ap 15 039 038 036 035 034 028 0.13 1.42 0.46
Bv 40 035 035 032 031 030 025 0.16 1.62 0.39
BC(g) 150 030 030 029 0.28 028 026 0.16 1.77 0.33
2(3094) Ap 15 037 036 035 034 034 029 0.14 1.54 0.42
Bv 40 036 036 035 034 033 029 0.15 1.59 0.40
Cc 90 0.31 030 029 029 028 026 0.12 1.73 0.35

1) Assuming a particle density of 2.65 g/cm’.

The soil in the A and B horizons gradually decreases in water content as a function of
pF due to the relatively uniform pore size distribution, which is typical for a
clayey/loamy soil. The majority of the pore are about 0.6 um (tube-equivalent diameter),
see Figure A3.16. The percentage of pores >12 um is particularly low in the C horizon.

The saturated and unsaturated hydraulic conductivity determined on the large cores
(6,280 cm”) is shown in Figure A3.15. Unsaturated conductivity is low in all three hori-
zons, with high inter-measurement variability in the A and C horizons. Due to the high
variability in the A horizon within both the individual profiles and the field, it is diffi-
cult to establish a unique relationship between soil water potential (h) and hydraulic
conductivity (k) in the horizon. The marked difference between near-saturated
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Figure A3.16. Pore size distribution measured (A, B, and C horizon) calculated from
water retention data assuming the unity D=3000/10pF (D = pore diameter equivalent
diameter, pm). A cubic spline interpolation procedure is used to yield discrete interpo-
late values on the sum curve obtained from the water retention curves. Abscissa:
pF=log10(-h) in which h is the soil water potential in cm H,0. D = pore diameter, um.
Ordinate: percentage of pore volume per 1/10 pF-values, % v/v.
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Figure A3.17. Air permeability at a water content of —50 cm H,0 (k, 50) and saturated
hydraulic conductivity (K;) measured on large (6,280 cm’) samples (® ) and small (100
cm’) samples (m).
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hydraulic conductivity and saturated hydraulic conductivity indicates a high degree of
direct piping (preferential flow) through macropores when the soil is fully saturated.

The measurements of saturated hydraulic conductivity and air permeability made using
small (100 cm®) or large (6,280 cm?) soil samples differed markedly. This difference is
probably related to the structure of the soil leading to a high dependence on sample size.
With the large soil samples, infiltration takes place through a much larger soil area than
is the case with the small soil samples and a greater number of macropores and other
soil heterogeneities are therefore included.

A3.5 Geophysical mapping
Since destructive mapping methods are not accepted in the test field, it was decided to

use EM-38, CM-031 and ground-penetrating radar (GPR). The EM 38 mapping was
carried out on August 31 1999.

EM-38 mapping.

The EM-38 map found in Figure A3.18A reveals a rather homogenous texture pattern at
Silstrup near the surface, i.e. the apparent resistivity ranges from 80 to 40 Qm, with that
of the majority of the area being 50 to 60 Qm. In the northern end of the test field there
are two areas with apparent resistivity in the range 40 to 50 Qm indicating a higher clay
content. In the areas with elevated apparent resistivity, the soil core and well data indi-
cate the presence of clay and clay loam just below the topsoil.

CM-031 mapping

The test field has also been mapped with a CM-031 conductivity meter (Figure A3.18B,
C and D). Figure A3.18B shows the apparent resistivity with a horizontal magnetic field
penetrating 2-3 m. A homogeneous field can be identified with resistivity in the range
60 to 80 QOm. According to Skov- og Naturstyrelsen (1987), resistivity is relatively high
for a clay till, possibly due to the high CaCOj3 content of the till (>40% by weight).

The field is dotted with a number of smaller areas of elevated resistivity (80—100 Qm),
probably due to the presence of a more sandy till or sand lenses in the till. Figure
A3.18C shows the apparent resistivity with a penetration of 5 to 6 m. These data reveal

a completely homogenous geology with a resistivity between 60 and 80 Qm indicating
the
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A) Penetration depth 1 m

2.5-3/5-6

C) Penetration depth 5-6 m D) 2.5-3m vs 5-6 m

Figure A3.18. Resistivity maps of the area. Map D shows the relative difference be-
tween map B and C and provides an idea about the homogeneity of the electrical prop-
erties to a depth of approx. 6 m b.g.s.
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presence of a clay till. The relative difference between the vertical and the horizontal

magnetic fields is shown in Figure A3.18D. Resistivity increases slightly with increas-
ing depth, the opposite of what would be expected from the geological data. Again this
may be attributable to the relatively high content of CaCOj; in the unweathered clay till.

Ground-penetrating radar (GPR)

To detect any larger sand or gravel lenses or other geological anomalies and obtain in-
formation about internal structures such as bedding planes, etc., the area was mapped
using ground-penetrating radar in a 20 to 30 m grid. The profiles revealed almost con-
tinuous cover with low penetration, interpreted as a clay till. Penetration of up to 4 m
was obtained in a few spots, however. These data are in good agreement with the resis-

tivity data.
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Appendix A3.1. Cultivation and pesticide appli-

cation history at Silstrup.

Year Crop Date Pesticide brand Dose per ha
1983 Spring barley 13.06.83 Bayleton 0.3 kg
13.06.83 Propinox 2.01
1984 Winter barley 20.09.83 Tribunil 4.0 kg
14.11.83 Topsin 0.81
27.04.84 Sportak 1.01
23.05.84 Tilt 05L
1985 Winter wheat 20.11.84 Bayleton 0.5 kg
20.11.84 Vegoran 1.751
14.05.85 Cycocel 1.01
14.05.85 M-prop-combi 351
14.05.85 Sportak 45 ec 1.01
1986 Spring barley 29.05.86 Decis 0.31
Undersown grass 29.05.86 Dinoseb 1.51
29.05.86 Manganchelat 1.01
29.05.86 Parathion 1.01
1987 Grass
1988 Field bean 30.05.88 Dinoseb 1.21
25.10.88 Roundup 3.01
1988 Spring barley 01.06.88 D-prop-mix 3.01
28.06.88 Sportak 45 ec 0.51
1989 Fodder beet 27.04.89 Venzar 0.5 kg
15.05.89 Betasana 2.01
15.05.89 Goltix 2.0 kg
01.06.89 Betasana 2.01
Western part only 01.06.89 Fusilade 151
01.06.89 Goltix 2.0 kg
01.06.89 Pirimor 0.33 kg
01.06.89 Sun Oil 1.01
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Year Crop Date Pesticide brand Dose per ha
1990 Spring barley 15.05.90 Butytox 3.01
Undersown grass 06.06.90 Tilt Turbo 0.51
1991 Grass
1992 Winter wheat 21.10.91 Vegoran 1.251
1993 Spring barley 24.05.93 Butytox 3.01
Undersown grass 08.06.93 Cyperb 021
08.06.93 Sambarin 0.751
1994 Peas 24.05.94 Basagran 480 0.51
Undersown grass 24.05.94 Cyperb 021
24.05.94 Stomp SC 0.751
17.06.94 Basagran 480 0.51
17.06.94 Cyperb 051
17.06.94 Stomp SC 0.751
06.07.94 Decis 021
10.10.94 Touch Down 251
1995 Spring barley 26.06.95 Butytox 3.01
Undersown clover grass 26.06.95 Tilt Turbo 0.41
1996  |1% year clover grass
1997 2" year clover grass
1998 Winter wheat 21.10.97 IPU 1.01
21.10.97 Stomp SC 1.51
29.05.98 Bravo 021
29.05.98 Mangansulfat 1.51
29.05.98 Tilt EC 0.11
19.06.98 Tilt Top 051
1999 Winter wheat 20.04.99 Express 0.0094 kg
20.04.99 Oxitril 041
25.06.99 Lissapol 0.11
25.06.99 Express 0.0075 kg
25.06.99 Tilt Top 041
05.08.99 Roundup 201
05.08.99 Team Up 4.01
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